The concept of a tonic drive activating respiratory muscle in wakefulness but not sleep has been an important and enduring notion in respiratory medicine, not least because it is useful in modeling sleep effects on breathing and understanding the pathogenesis of sleep-related breathing disorders such as obstructive sleep apnea. However, a neurotransmitter substrate mediating respiratory muscle activation across sleep-wake states has not been identified. Objectives: We determined if ␣ 1 receptor antagonism at the hypoglossal motor nucleus (HMN) decreases genioglossus (GG) activity consistent with a role for an endogenous noradrenergic drive contributing to GG activation across sleep-wake states. We also determined if ␣ 1 receptor stimulation could counteract reduced endogenous noradrenergic drive and increase sleeping GG activity. Methods: Thirty-five rats were implanted with electroencephalogram and neck electrodes to record sleep-wake states and GG and diaphragm electrodes for respiratory muscle recordings. Microdialysis probes were inserted into the HMN. Keywords: genioglossus muscle; hypoglossal motor nucleus; noradrenaline; obstructive sleep apnea; serotonin; sleep A characteristic feature of mammalian sleep is decreased postural muscle tone, especially in rapid-eye-movement (REM) sleep (1). This suppression of motor activity also occurs in respiratory muscles, particularly in those that combine postural and respiratory functions, such as the intercostal (2) and pharyngeal muscles (3). Decreased respiratory muscle activity occurs immediately at sleep onset (4, 5) and across sleep-wake states during constant mechanical ventilation (6), indicating a primary suppressant effect of sleep mechanisms on respiratory motor activity. The concept of a tonic excitatory drive activating respiratory muscle in wakefulness that is then withdrawn in sleep (i.e., the "wakefulness stimulus" to breathing) has been an important and
enduring notion in respiratory medicine, not least because it is useful in modeling sleep effects on breathing and understanding the pathogenesis of common sleep-related breathing disorders (7, 8) . However, the potential neurotransmitter substrates comprising this endogenous sleep-state dependent drive to respiratory motoneurons have not been determined.
The National Commission on Sleep Disorders Research has identified sleep disorders as a major public health burden affecting millions of North Americans (9) . Understanding the physiologic processes that control muscle activity in sleep is important because abnormal regulation underlies several major sleep disorders, such as obstructive sleep apnea (OSA), narcolepsy, and REM sleep behavior disorder. OSA is the most common and serious of these sleep disorders (10) and affects approximately 2% of women and 4% of men (11) . OSA is characterized by repeated closure of the pharyngeal airspace during sleep, resulting in periodic interruptions of airflow and pulmonary gas exchange and bouts of asphyxia, with these events terminated by arousal from sleep (12) . Airway obstructions can occur hundreds of times a night in patients with OSA, causing disrupted sleep patterns and excessive daytime sleepiness, with impaired alertness leading to increased work-related and motor vehicle accidents (13) . OSA also plays an important role in the development of cardiovascular diseases (14) , including daytime hypertension (15) , and contributes to premature death (16) . Because obstructive apneas occur only during sleep and not during wakefulness, the aim of this study was to determine the underlying neural mechanisms contributing to pharyngeal muscle activation during wakefulness and sleep.
We have developed an animal model for manipulation of neurotransmission at the hypoglossal motor nucleus (HMN) in the caudal medulla of freely behaving rats (17) to determine mechanisms modulating motor outflow to the genioglossus (GG) muscle of the tongue across natural sleep-wake states. The GG was investigated as the model respiratory muscle because it plays a significant role in maintaining an open airspace for effective breathing and preventing OSA (12) . Noradrenaline depolarizes and increases the excitability of hypoglossal motoneurons in brainstem tissue slices studied in vitro via ␣ 1 adrenergic receptor mechanisms (18) (19) (20) . In intact animals, brainstem noradrenalinecontaining neurons show declining discharge rates from wakefulness to non-REM and REM sleep (21) . We tested the hypothesis that ␣ 1 receptor antagonism at the HMN decreases GG activity in a manner consistent with a significant role for endogenous noradrenergic mechanisms contributing to GG activation across sleep-wake states. We also tested the hypothesis that if withdrawal of noradrenergic inputs contributes to decreased GG activity in sleep, then application of an ␣ 1 receptor agonist should counteract this effect and increase sleeping GG activity to waking levels, a result with potential clinical relevance to pharmacologic strategies for the treatment of OSA. Finally, given the stimulating effects of 5-hydroxytraptamine (5-HT) at the HMN in vivo (17, 22) we determined if responses to combined ␣ 1 and 5-HT receptor stimulation at the HMN were additive. Some of the results of this study have been reported in the form of an abstract (23, 24) .
METHODS
A more detailed account of the methods is given in the on-line supplement. Experiments were performed on 32 male Wistar rats (mean body weight, 270.8 g). Procedures conformed to the recommendations of the Canadian Council on Animal Care, and the University of Toronto Animal Care Committee approved the protocols.
Surgical Procedures
Sterile surgery was performed under general anesthesia for the chronic implantation of EEG and neck EMG electrodes to determine sleepwake states and GG and diaphragm wires for respiratory muscle recordings (25, 26) . Microdialysis guides were targeted 3 mm above the HMN (25, 26) . The rats recovered for an average of 7.0 d (range, 6-8 d) before the experiments.
Protocol
On the day of the experiment, the microdialysis probe was inserted into the HMN and flushed with artificial cerebrospinal fluid (ACSF; pH, 7.40 Ϯ 0.003) at a flow rate of 2.1 l/min. At least 45 min were allowed to elapse before sleep-wake states and respiratory muscle activities were analyzed (25, 26) . At least two full sleep cycles (i.e., periods containing quiet wakefulness, non-REM sleep, and REM sleep) elapsed before switching the perfusion medium; data were not analyzed for at least 45 min after the switch.
Study 1: ␣ 1 receptor antagonism at the HMN. Experiments were performed in 10 rats to determine if an endogenous ␣ 1 -mediated tonic excitatory drive contributes to GG activation across sleep-wake states. Respiratory muscle activities were recorded during perfusion of ACSF into the HMN followed by terazosin dissolved in 1.0 mM ACSF (pH, 7.39 Ϯ 0.026; Sigma, St. Louis, MO). Terazosin is a specific antagonist for ␣ 1 receptors (27, 28) . In initial experiments in three urethaneanesthetized rats with the vagus nerves intact, using methods previously described (29), 1 mM terazosin abolished the robust increases in GG activity produced by 1 mM of the ␣ 1 receptor agonist phenylephrine (see Results).
Study 2: ␣ 1 receptor stimulation at the HMN. Experiments in a separate group of 10 rats were performed to determine if ␣ 1 receptor stimulation at the HMN would increase GG activity across sleep-wake states. Respiratory muscle activities were recorded during perfusion of ACSF at the HMN followed by 1.0 mM phenylephrine (pH, 7.51 Ϯ 0.012; Sigma). In initial experiments in two urethane-anesthetized rats, this dose of phenylephrine produced robust increases in GG activity, and similar robust responses occurred in the conscious rats (see Results).
Study 3: combined ␣ 1 and 5-HT 2 receptor stimulation. Experiments were performed to determine if responses to combined ␣ 1 and 5-HT receptor stimulation at the HMN were additive. For these studies, 1 mM phenylephrine and 0.1 mM of the 5-HT 2 receptor agonist ␣-methyl-5-HT maleate (␣-Me-5-HT; Sigma) were applied to the HMN, first alone then in combination. The order of application was balanced and varied between experiments. In an initial group of six rats, perfusion of ACSF into the HMN was followed by phenylephrine (pH, 7.50 Ϯ 0.008), which was maintained across sleep-wake states before the phenylephrine was applied in combination with ␣-Me-5-HT (pH, 7.55 Ϯ 0.029). In a separate group of six rats, ACSF at the HMN was followed by a switch to ␣-Me-5-HT (pH, 7.46 Ϯ 0.022), which was maintained across sleep-wake states before phenylephrine was applied in the continuing presence of the ␣-Me-5-HT (pH, 7.57 Ϯ 0.016).
Tests for Each Experiment and Data Analysis
To confirm that the HMN was functional and able to respond to manipulation of neurotransmission at the end of each experiment, 10 mM of 5-HT was applied to the HMN as a positive control to document the expected increase in GG activity (25, 26) . Microdialysis sites were confirmed by histology (25, 26) .
Sleep-wake states and respiratory muscle activities were analyzed as previously described (25, 26) and outlined in the on-line supplement. Statistics were performed using ANOVA with repeated measures (ANOVA-RM), and post hoc t tests were performed using Bonferroni corrected p values. All data are expressed as mean Ϯ SEM. Figure 1A shows an example of a lesion site made by a microdialysis probe in the HMN in one rat. Figure 1 also shows the distribution of individual microdialysis sites from all rats administered terazosin, phenylephrine, and combined phenylephrine and ␣-Me-5-HT. Microdialysis probes were successfully implanted into, or immediately adjacent to, the HMN in all animals. Tongue movement occurred in each rat in response to electrical stimulation of the GG electrodes at the time of surgery and after the experiments, showing that these electrodes were in place throughout the study. Each rat showed consistent GG responses to 5-HT at the HMN at the end of the experiments, indicating an intact HMN during the study (25, 26) . The rats had returned to their presurgical weights at the time of the experiments (270.8 Ϯ 2.4 vs. 270.5 Ϯ 3.1 g; t 31 ϭ 0.116; p ϭ 0.908, paired t test).
RESULTS

Location of Microdialysis Probes and Hypoglossal Motor Function
Study 1: ␣ 1 Receptor Antagonism at the HMN
With the exception of two rats that did not have REM sleep with terazosin, periods of wakefulness, non-REM sleep, and REM sleep were analyzed in all animals. In the 10 rats, a total of 9,834 5-s periods (i.e., 13.7 h of data) were analyzed, of which 7.4% were from wakefulness, 75.4% were from non-REM sleep, and 17.3% were from REM sleep. Figure 2A shows an example of GG responses to microdialysis perfusion of terazosin into the HMN. Compared with ACSF control animals, terazosin reduced respiratory-related and tonic GG activities in wakefulness and reduced respiratory-related GG activity in non-REM sleep. GG activity was lowest in REM sleep, and there was no subsequent effect of terazosin. Figure 2B shows the efficacy of 1 mM terazosin in abolishing the robust increases in GG activity produced by 1 mM of the ␣ 1 receptor agonist phenylephrine.
GG responses: group data. Figure 3A shows the effects of terazosin at the HMN on respiratory-related GG activity compared with ACSF control animals and illustrates that the effects of terazosin were dependent on the prevailing sleep-wake state (F 2,16 ϭ 11.57; p Ͻ 0.001, ANOVA-RM). Terazosin decreased respiratory-related GG activity in wakefulness (t 9 ϭ 4.00, p Ͻ 0.001, post hoc paired t test) and non-REM sleep (t 9 ϭ 2.60; p ϭ 0.018) but not in REM sleep (t 7 ϭ 1.21; p ϭ 0.242), which is consistent with the presence of a functional ␣ 1 receptormediated excitatory drive to the HMN contributing to GG muscle activation in wakefulness and non-REM sleep but not REM sleep. Analyses also showed that the normal significant decline in respiratory-related GG activity from non-REM to REM sleep with ACSF at the HMN (t 7 ϭ 3.49; p ϭ 0.005, post hoc paired t test) was not present with terazosin (t 7 ϭ 0.35; p ϭ 1.00). This latter result further illustrates that the levels of GG activity in non-REM sleep were maintained chiefly by noradrenergic mechanisms because, when antagonized by terazosin, GG activity was lowered to levels that were now not statistically different from the minimal levels observed in REM sleep (Figures 2 and  3A) . Figure 3B illustrates that terazosin at the HMN decreased tonic GG activity, with this effect also dependent on prevailing sleep-wake state (F 2,16 ϭ 6.89; p ϭ 0.007); terazosin decreased tonic GG activity in wakefulness (t 9 ϭ 3.22; p ϭ 0.004, post hoc t test) but not in non-REM (t 9 ϭ 0.644; p ϭ 0.527) or REM sleep (t 7 ϭ 0.10; p ϭ 0.922). The normal significant decline in tonic GG activity from wakefulness to non-REM sleep with ACSF at the HMN (t 9 ϭ 3.18; p ϭ 0.010) was not present with terazosin (t 9 ϭ 0.57; p ϭ 1.00), illustrating that levels of tonic GG activity in wakefulness were maintained largely by noradrenergic mechanisms that, when antagonized, lowered tonic GG activity to sleeping levels ( Figure 3B ).
Specificity of responses.
Responses to terazosin at the HMN were specific to GG because there were no independent effects on respiratory rate (F 1,9 ϭ 0.46; p ϭ 0.513, ANOVA-RM), diaphragm amplitude (F 1,9 ϭ 4.08; p ϭ 0.074), or diaphragm minute activity (i.e., respiratory rate ϫ diaphragm amplitude, F 1,9 ϭ 3.13; p ϭ 0.110). Individual values of respiratory rate in the presence of ACSF at the HMN were 93.8 Ϯ 3.9, 88.1 Ϯ 3.9, and 111.8 Ϯ 3.0 breaths per minute in wakefulness, non-REM sleep, and REM sleep, and were 92.5 Ϯ 3.8, 90.7 Ϯ 4.9, and 111.5 Ϯ 4.5, respectively, in the presence of terazosin. Individual values of diaphragm amplitude with ACSF at the HMN were 104.8 Ϯ 17.7, 114.4 Ϯ 21.3, and 115.2 Ϯ 21.9 arbitrary units in wakefulness, non-REM sleep, and REM sleep, and were 102.6 Ϯ 20.2, 100.6 Ϯ 22.6, and 100.8 Ϯ 27.6, respectively, in the presence of terazosin. EEG frequencies from 0.5 to 30 Hz and the ratio of high (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) to low (0.5-2 Hz) frequency activity (25, 26) were also not different between terazosin and ACSF (all F 1,9 Ͻ 2.31; p Ͼ 0.159). Neck EMG activity with terazosin was different from ACSF (F 1,9 ϭ 7.35; p ϭ 0.023), an effect that was dependent on sleep-wake state (F 2,16 ϭ 11.74; p Ͻ 0.001). A significant decrease in the level of neck EMG activity was recorded in the awake periods with terazosin at the HMN (t 9 ϭ 5.66; p Ͻ 0.001, post hoc paired t test), but no differences were observed in non-REM (t 9 ϭ 0.30; p ϭ 0.767) or REM sleep (t 8 ϭ 0.09; p ϭ 0.927).
Study 2: ␣ 1 Receptor Stimulation at the HMN
With the exception of one rat that did not have REM sleep with phenylephrine, periods of wakefulness, non-REM sleep, and REM sleep were analyzed in all 10 animals. A total of 10,970 5-s epochs (i.e., 15.2 h of data) were analyzed, of which 5.6% were from wakefulness, 73.7% were from non-REM sleep, and 20.7% were from REM sleep. Figure 4 shows an example of GG responses to microdialysis perfusion of phenylephrine into the HMN. Compared with ACSF control animals, phenylephrine increased the respiratory-related and tonic components GG activity in wakefulness, non-REM sleep, and REM sleep. The brief GG twitches observed in REM sleep with ACSF are typical and have been observed previously in rats (25, 26) and in other species (30) and are thought to be responsible for the periodic improvements in airway patency (31) and restorations of airflow during obstructive apneas during REM sleep in humans (32) . Figure 4 shows that such phasic GG events in REM sleep were augmented by phenylephrine at the HMN. Figure 5 further illustrates that, although the phasic GG events in REM sleep were augmented in the presence of phenylephrine, the ␣ 1 receptor stimulation was unable to overcome the episodes of major suppression of GG activity that accompany periods of REM sleep. This augmentation of the transient bursts of GG activity by phenylephrine was responsible for the overall increases in GG activity in REM sleep.
GG responses: group data. Figure 6A shows that there was a significant stimulating effect of phenylephrine on respiratory- related GG activity (F 1,9 ϭ 12.03; p ϭ 0.007, ANOVA-RM) that did not depend on the prevailing sleep-wake state (F 2,17 ϭ 0.926; p ϭ 0.415). Figure 6B shows that phenylephrine also increased tonic GG activity (F 1,9 ϭ 16.62; p ϭ 0.003); this effect was not dependent on sleep-wake state (F 2,17 ϭ 2.07; p ϭ 0.157).
Specificity of responses.
Responses to phenylephrine at the HMN were specific to the GG muscle because there were no independent effects on respiratory rate (F 1,9 ϭ 0.42; p ϭ 0.535, ANOVA-RM), diaphragm amplitude (F 1,9 ϭ 0.06; p ϭ 0.817), or diaphragm minute activity ( (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) to low (0.5-2 Hz) frequency activity were also not different between phenylephrine and ACSF (all F 1,9 Ͻ 3.55; p Ͼ 0.091), except for a small increase (mean ϭ 0.88%) in EEG activity in the ␤ 1 (13.5-20 Hz) frequency band in the presence of phenylephrine. Phenylephrine at the HMN had no independent effect on neck EMG activity (F 1,9 ϭ 3.99; p ϭ 0.076). Nevertheless, neck EMG was altered in the presence of phenylephrine depending on sleep-wake state (F 2,17 ϭ 5.94, p ϭ 0.011); neck EMG activity was decreased in the awake periods during phenylephrine (t 9 ϭ 4.01; p Ͻ 0.001, post hoc paired t test), but no differences occurred in non-REM or REM sleep (t 9 Ͻ 0.20; p Ͼ 0.847).
Study 3: Effects of Combined ␣ 1 and 5-HT 2 Receptor Stimulation
The group data in Figure 7 show the effects of individual and combined ␣ 1 and 5-HT 2 receptor stimulation at the HMN on respiratory-related and tonic GG activities. This figure illustrates that there was no significant difference between the levels of GG activity recorded during combined ␣ 1 and 5-HT 2 receptor stimulation at the HMN compared with the sum of the two independent responses (all p Ͼ 0.200, paired t tests) (i.e., evidence that the responses were additive). The only exception was lower GG activity in REM sleep when phenylephrine was combined with ␣-Me-5-HT, compared with the sum of the two independent responses (p Ͻ 0.011, paired t test; Figure 7 ). However, not all rats had REM sleep during the time of combined drug administration because of the expanded length of the experiments with these additional interventions; therefore, this significant decrease may have been biased by the fewer rats in the analysis. Figure 8 illustrates that although the overall transient GG activations in REM sleep were augmented in the presence of phenylephrine and ␣-Me-5-HT at the HMN, the combined ␣ 1 and 5-HT 2 receptor stimulation was unable to overcome the occasional periods of clear suppression of GG activity that accompany episodes of REM sleep. 
DISCUSSION
This study is the first to identify a neurotransmitter substrate that contributes significantly to respiratory muscle activation across sleep-wake states. The concept of an endogenous noradrenergic drive contributing to GG muscle activation in wakefulness and non-REM sleep, but not REM sleep, is important given the prevalence and clinical significance of sleep-induced hypoventilation and OSA in humans (9-11) and the long-standing concept of a "wakefulness stimulus" to breathing whose neurochemical basis had not been previously determined (7, 8) .
Responses in Wakefulness
The decrease in respiratory-related and tonic GG activity after ␣ 1 receptor antagonism at the HMN in wakefulness indicates the presence of a functional endogenous noradrenergic drive to this motoneuronal pool when awake. This result is in keeping with the known discharge of brainstem noradrenergic neurons, which is highest in wakefulness (21) , and the projection of such neurons to the HMN (33, 34) . That ␣ 1 receptor antagonism decreased tonic and respiratory-related components of GG activity is also consistent with ␣ 1 receptor mechanisms affecting membrane potential and excitability of hypoglossal motoneurons in vitro (18) (19) (20) . Nevertheless, GG activity was not abolished after ␣ 1 receptor antagonism (see Figure 2 ), indicating that other neurotransmitters contribute to GG motor activation when awake. Recent studies suggest that endogenous 5-HT (26) and serotonergic raphe neurons (35) are not a major source of excitatory drive to GG muscle across sleep-wake states, at least in this intact, freely behaving animal model. The contribution other state-dependent neurotransmitters, such as glutamate and acetylcholine, remains to be determined in conscious animals, but potentially relevant responses have been observed in vitro (36) (37) (38) and in anesthetized animals in vivo (29, 39) .
That ␣ 1 receptor mechanisms contribute to respiratoryrelated and tonic components of GG activation in wakefulness is relevant because these components contribute to the maintenance of airway patency via effects on airway size and collapsibility (31, 40, 41) . The effects on tonic GG activity are especially relevant because, unlike phrenic motoneurons, hypoglossal motoneurons are not inhibited throughout expiration (42) (43) (44) ; therefore, expiratory activity is the manifestation of prevailing tonic inputs that are revealed when inspiratory activation is withdrawn. Because the results of the present study show that noradrenergic mechanisms contribute significantly to tonic GG activity in wakefulness, then reduced tonic GG activity in sleep (45) (46) (47) , especially during REM sleep when noradrenergic neuronal activity is minimal (21) , would increase the vulnerability of the pharyngeal airspace to collapse.
Non-REM and REM Sleep
Non-REM sleep was characterized by respiratory-related GG activity and minimal tonic activity (see Figure 2) , a pattern also observed in humans (3, 4, 48) . The levels of respiratory-related GG activity in non-REM sleep were maintained chiefly by noradrenergic mechanisms because ␣ 1 receptor antagonism decreased this activity to levels similar to those observed in REM sleep. An endogenous noradrenergic drive contributing to the maintenance of respiratory-related GG activity in non-REM sleep is consistent with continuing discharge of brainstem noradrenergic neurons in sleep, albeit at a lower level than when awake (21) .
That respiratory-related GG activity in sleep was minimal after ␣ 1 receptor antagonism at the HMN and that there was no subsequent statistically significant change from non-REM to REM sleep implicates withdrawal of endogenous noradrenergic inputs to the HMN as a major contributor to periods of GG motor atonia in REM sleep. This result is consistent with the concept that the endogenous activating effects of noradrenaline at the HMN would be withdrawn in REM sleep because brainstem noradrenergic neuronal activity is minimal (21) . This result is clinically relevant because, until this study, the neural mechanisms responsible for periods of suppression of respiratoryrelated GG activity in natural REM sleep had not been determined; we recently showed that inhibition mediated via glycine and ␥-amino-butyric acid and disfacilitation via 5-HT play only a minor role at the HMN in intact, conscious, freely behaving animals (25, 26, 49) .
The results showing a significant role for ␣ 1 receptor mechanisms mediating suppression of respiratory-related GG activity in REM sleep fits with a recent study using a pharmacologic model of "REM sleep" in anesthetized rats (50) . In that study, microinjection of the cholinergic agonist carbachol into the pontine reticular formation of anesthetized and vagotomized rats was associated with withdrawal of noradrenergic inputs to the HMN and suppression of respiratory-related hypoglossal nerve activity (50) . During anesthesia before carbachol, ␣ 1 receptor antagonism at the HMN decreased respiratory-related hypoglossal nerve activity, indicating that hypoglossal motoneurons are influenced by an endogenous excitatory noradrenergic drive, which is consistent with our results in intact conscious animals in wakefulness and non-REM sleep. Moreover, after ␣ 1 receptor antagonism, pontine carbachol no longer caused depression of hypoglossal nerve activity (50) , which is consistent with our results showing that respiratory-related GG activity did not change from non-REM to REM sleep after terazosin. In a separate study in decerebrate cats, electrical or cholinergic stimulation of the pontine reticular formation reduced GG activity and noradrenaline levels at the HMN (51), which is consistent with the notion that suppression of respiratory-related GG activity after activation of the REM sleep triggering region is associated with reduced noradrenergic inputs to the HMN.
Responses to ␣ 1 Receptor Stimulation
Given the concept that an ␣ 1 receptor-mediated endogenous excitatory drive contributes to the maintenance of GG activity across sleep-wake states, an additional study was performed to determine if application of an ␣ 1 receptor agonist could counteract the sleep-related decrease in GG activity. In agreement with the hypothesis, phenylephrine at the HMN increased tonic and respiratory-related GG activity in wakefulness, non-REM sleep, and REM sleep (see Figure 6 ), a result potentially relevant to pharmacologic strategies aiming to increase GG activity in sleep as a treatment for OSA (52, 53) . Moreover, combined ␣ 1 and 5-HT 2 receptor stimulation at the HMN increased GG activity across sleep-wake states to levels greater than when each agonist was applied alone, and there was evidence for an additive effect at least at the single doses tested (see Figure 7) . This result may have relevance to studies aiming to increase pharyngeal muscle activity by manipulating 5-HT and noradrenergic neurotransmission (e.g., by agonists or serotonin-norepinephrine reuptake inhibitors) where combined effects may have more benefit than manipulating a single neurotransmitter system.
Although ␣ 1 receptor stimulation at the HMN increased GG activity in wakefulness, non-REM sleep, and REM sleep, phenylephrine was unable to overcome the episodes of major suppression of GG activity in periods of REM (see Figure 5 ). Similar major attenuation of GG motor responses in REM sleep occur with delivery of 5-HT to the HMN (17) and during combined ␣ 1 and 5-HT 2 receptor stimulation ( Figure 8 ). These data highlight the finding that ␣ 1 and 5-HT receptor stimulation at the HMN have differential effects on motor output to GG muscle depending on the prevailing sleep-wake states, further emphasizing that responses observed under constant conditions in reduced preparations (18, 19, 22) are not intractable but are significantly modulated by ongoing behavioral states in conscious preparations. Once the distinct mechanisms underlying the control of pharyngeal muscle activity in REM sleep have been identified, the results of the present study suggest that a combination of pharmacologic approaches may be the most effective approach to achieve sustained increases in GG activity because different neural mechanisms are operative in non-REM and REM sleep.
The inability to overcome the periodic episodes of motor suppression in REM sleep further suggests that attempted pharmacologic manipulations of these monoaminergic neurotransmitter systems may have limited clinical benefit as treatment for OSA. Initial clinical studies in patients with OSA suggest this may be the case for the 5-HT agents tested (54-59), but comparable studies have not been reported for adrenergic agents. The neural mechanisms responsible for the marked attenuation of GG motor responses to ␣ 1 and 5-HT receptor stimulation at the HMN in periods of REM sleep have not been identified. However, the abolition of otherwise robust excitatory GG motor responses to these applied neurotransmitters also occurs with increased cyclic guanosine-3Ј-5Ј-monophosphate at the HMN, an effect that may be linked to REM sleep mechanisms via nitric oxide (60) .
Despite the periods of major motor suppression in REM sleep, ␣ 1 receptor stimulation at the HMN with phenylephrine led to overall increases in GG activity due to augmentation of the sporadic bursts of GG activity in REM sleep (see Figure 5) , as has been observed with 5-HT at the HMN (17) . This result was expected because the transient motor activations in REM sleep are believed to be mediated by glutamatergic inputs (61) and responses to glutamate are augmented in the presence of ␣ 1 and 5-HT receptor stimulation (62) . Although the transient bursts of GG muscle activity in REM sleep are believed to be responsible for the periodic improvements in airway patency in REM sleep and OSA (31, 32) , the clinical relevance of augmenting such sporadic pharyngeal muscle activations is unclear and may destabilize the upper airway by uncoupling the coordinated activation of the pharyngeal muscles during breathing.
Although phenylephrine and terazosin at the HMN did not alter respiratory rate, diaphragm activity, or EEG frequencies, suggesting that responses were specific to effects at the HMN, a decrease in neck EMG activity occurred in the presence of phenylephrine and terazosin. Unlike the GG responses, however, this effect was confined to wakefulness and did not persist into non-REM or REM sleep. This observation, combined with the same direction of change in neck EMG in the presence of the ␣ 1 receptor agonist and antagonist at the HMN, suggested that the changes in neck EMG were likely due to a nonspecific epiphenomenon rather than being a specific effect of phenylephrine or terazosin per se.
Functional Noradrenergic Drive to Motoneurons and Wider Implications
This study addressed the modulation of a model respiratory muscle across sleep-wake states and demonstrated a functional endogenous ␣ 1 receptor-mediated drive stimulating motor activity. There are widespread projections of brainstem catecholaminergic neurons with sleep-state-dependent activity, although not all have been tested for sleep-state-dependent activity. Noradrenergic neurons of the locus coeruleus and subcoeruleus show robust decrements in activity from wakefulness to non-REM and REM sleep (21, 63) . The main noradrenergic innervation of the HMN arises from subcoeruleus neurons (33, 64) , with locus coeruleus neurons projecting primarily to sensory and association nuclei of the brainstem and not motor nuclei (65) . Although A7 neurons also have significant projections to the HMN (33), the sleep-state-dependent activity of these neurons is not well studied. A5 neurons show decreased activity in the REM sleep-like state elicited by pontine carbachol, but a sample of those neurons showed that none projected to hypoglossal motoneurons (66) . Accordingly, the weight of evidence suggests that subcoeruleus and perhaps A7 neurons are the likely source of the endogenous excitatory noradrenergic drive modulating GG activity across sleep-wake states in this study.
Given the widespread projections of brainstem catecholaminergic neurons, they are also positioned to provide an endogenous input to other respiratory and nonrespiratory neurons and motoneurons and therefore influence ventilation or motor tone (62, 66, 67) . Brainstem catecholaminergic neurons are also appropriately positioned to modulate autonomic nervous system neurons influencing sympathetic (63) and bronchial tones (68, 69) and therefore may contribute to their activities and physiologic functions across sleep-wake states. These normal physiologic functions may be adversely affected by repetitive cycles of intermittent hypoxia because oxidative injury of pontine noradrenergic neurons occurs in animal models of sleep apnea (70) . This vulnerability of such noradrenergic neurons to hypoxia-induced cell damage (70) has further implications for sleep-disordered breathing because it may negatively affect the normal ␣ 1 receptor-mediated drive maintaining tonic and respiratory-related GG muscle tone. In contrast to chronic intermittent hypoxia, however, acute exposure to hypoxia and hypercapnia activates noradrenergic neurons, and this response is believed to contribute to respiratory motor activation (71, 72) , whereas repetitive noradrenergic stimulation can produce long-term facilitation of respiratory motoneuron activity (73) .
In narcoleptic dogs, the spontaneous reductions in postural muscle tone during cataplexy are associated with decreased firing of brainstem noradrenergic locus coeruleus neurons (74, 75) . In addition, pharmacologic treatments for cataplexy include agents that increase synaptic concentrations of noradrenaline by blocking reuptake or ␣ 1 -receptor-stimulating agents to increase postural motor tone (76, 77) . These data fit with the concept of a functional noradrenergic drive contributing to the maintenance of muscle tone, as shown in this study for motoneurons innervating the GG muscle, which has dual respiratory and nonrespiratory functions. Similar involvement of reduced noradrenergic excitation at GG and other pharyngeal and respiratory muscles during cataplexy may also be related to the reports of impaired speech and sensations of an inability to breathe in patients with narcolepsy during such episodes (78) .
